1. Introduction
===============

In April 2009, outbreaks of influenza-like illnesses caused by a novel influenza A virus, pandemic influenza A/H1N1 2009 (also referred to as "swine-origin influenza virus, S-OIV"), were identified in Mexico and the United States ([@bib4], [@bib7]). These outbreaks have led to a global influenza pandemic ([@bib2]). Recent surveillance data show that the pandemic influenza A/H1N1 2009 is co-circulating with seasonal influenza viruses in many countries (<http://www.cdc.gov/flu/weekly/pdf/External_F0939.pdf>; <http://www.who.int/csr/don/2009_10_23/en/index.html>). Because pandemic influenza A/H1N1 2009 and seasonal influenza transmit in a similar manner and present almost identical symptoms (<http://www.cdc.gov/h1n1flu/qa.htm>), the control and prevention of this novel pandemic has been challenging. Critical for viral containment, surveillance, and treatment is the development of sensitive, accurate, and reliable diagnostic tests that can discriminate the H1N1 influenza virus from other strains.

Among the current laboratory diagnostic tests, real-time reverse transcriptase polymerase chain reaction (rRT-PCR), which determines virus copies by monitoring the fluorescence accumulations, has many advantages over other detection techniques. These include: ease of performance, great accuracy, high sensitivity and specificity, fast turn-around time, a high-throughput capacity, and minimal carry-over contamination ([@bib11]). However, rRT-PCR assays for subtyping seasonal influenza viruses ([@bib6]) have not been suitable for the detection of pandemic influenza A/H1N1 2009 because of genetic variations.

Several rRT-PCR assays have been developed recently to detect the pandemic influenza A/H1N1 2009 ([@bib3], [@bib8], [@bib9], [@bib12], [@bib15], [@bib16]). However, these assays are not able to type and subtype seasonal influenza viruses simultaneously. Another limitation of these rRT-PCR assays is that they only target the novel H1 gene of the pandemic influenza A/H1N1 2009 virus ([@bib9], [@bib16]), resulting in a limited specificity that can result in false-negative diagnosis when sequence variations exist in the primer- or probe-targeted genes. In addition, there has been a report of some cross-reactivity between the pandemic influenza A/H1N1 2009 virus and the influenza A virus H5N1 when using the US CDC\'s rRT-PCR assay, which is recommended by the World Health Organization (WHO) ([@bib13]). The development of an rRT-PCR assay with improved sensitivity, specificity, and performance, as well as the ability to distinguish pandemic influenza A/H1N1 2009 from seasonal influenza viruses would be most useful.

A TaqMan probe-based, multiplex rRT-PCR assay is described that can detect all currently circulating human seasonal influenza viruses, including the pandemic influenza A/H1N1 2009 virus. The assay can type simultaneously influenza viruses A and B, and the major human subtypes: human H1, H3, N1 and N2. This rRT-PCR protocol could aid in the surveillance, diagnosis, and management of the pandemic A/H1N1 2009 influenza and seasonal influenzas.

2. Materials and methods
========================

2.1. Primers and probe design {#sec1}
-----------------------------

The primers and TaqMan probes for the pandemic influenza A/H1N1 2009 named N1-2009 and for the consensus influenza A virus named Flu A M were synthesised as previously described ([@bib16]) and based on the WHO\'s recommendations (<http://www.euro.who.int/Document/INF/CDC_realtime_RTPCR_H1N1.pdf>). Other primers and probes for the pandemic influenza A/H1N1 2009 virus and for seasonal influenza viruses such as human H1N1 and H3N2 were designed based on the sequence data obtained from the Influenza Virus Resource (<http://www.ncbi.nlm.nih.gov/genomes/FLU/>) ([Table 1](#tbl1){ref-type="table"} ). Primers/probes for typing of the viral strains were designed to target the conserved regions of the M gene segment for the influenza A virus and of the NP gene segment for the influenza B virus. Primers/probes for subtyping of viral strains were designed to target the HA gene segment for each of the three HA subtypes (H1-consensus, H1-pandemic A/H1N1 2009 and H3) and the NA gene segment for each of the three NA subtypes (N1-consensus, N1-pandemic A/H1N1 2009 and N2). *In silico* coverage of primers/probes was calculated using an in-house program based on work described previously ([@bib1]), with some modifications. Briefly, a sequence was defined as a "hit" if there were two or less substitutions within the probe, or if there were no substitutions within five bases from the 3′ end; one or less substitutions within 10 bases from the 3′ end; or three or less substitutions within the primers. For degenerate primers or probes, an acceptable "hit" was defined by the presence of an accurate match between the sequence data consensus (made by BioEDIT 7.01 software) and its primers or probes.Table 1Sequences of primers and probes in the multiplex rRT-PCR assay.SetPrimerSequence (5′ → 3′)Gene target-nucleotide positionAmplicon (bp)OriginSet 1Subtype H1-ConsensusH1 Hemagglutinin (Segment 4)187H1-Consensus-FATGCSAACAAYTCRACCGACAC[a](#tbl1fn1){ref-type="table-fn"}74 → 95This studyH1-Consensus-RAGTRATTCRCATTCTGGGTTT[a](#tbl1fn1){ref-type="table-fn"}260 → 240This studyH1-Consensus-PFAM-CANCCDGCAAYGYTRCANTTMCCCAA-BHQ-1[a](#tbl1fn1){ref-type="table-fn"}230 → 205This studySubtype H1-2009H1 Hemagglutinin (Segment 4)179H1-2009-FTTATCATTTCAGATACACCAGT845 → 866This studyH1-2009-RAATAGACGGGACATTCCT1023 → 1006This studyH1-2009-PHEX-CCACGATTGCAATACAACT-BHQ-11045 → 1067This study  Set 2Subtype N1-2009N1 Neuraminidase (Segment 6)93N1-2009-FCAGAGGGCGACCCAAAGAGA1281 → 1300([@bib16])N1-2009-RGGCCAAGACCAACCCACA1373 → 1356([@bib16])N1-2009-PCy5-CACAATCTGGACTAGCGGGAGCAGCAT-BHQ-21302 → 1328([@bib16])Subtype N2N2 Neuraminidase (Segment 6)77N2-FTGTATCTGACCAACACCACCATAGA197 → 221This studyN2-RTTGCGGCTTTGACCAATTTC273 → 254This studyN2-PHEX-AAGGAAATATGCCCCAAACTAGCAGAATAC-BHQ-1223 → 252This study  Set 3Subtype H3H3 Hemagglutinin (Segment 4)120H3-FACCAGAGAAACAAACTAGAGGCATATT1020 → 1046This studyH3-RTGTCCTGTGCCCTCAGAATTT1119 → 1139This studyH3-PFAM-CGGTTGGTACGGTTTCAGGCA-BHQ-11095 → 1115This studySubtype N1-ConsensusN1 Neuraminidase (Segment 6)135N1-FTATAAGACCTTGCTTCTGGGTTGA1273 → 1296This studyN1-RGCACCGTCTGGCCAAGAC1390 → 1407This studyN1-PHEX-AATYTGGACTAGYGGGAGCAGCATWTCYTTTTG-BHQ-1[a](#tbl1fn1){ref-type="table-fn"}1330 → 1362This study  Set 4Flu A MMatrix (Segment 7)106Flu-M-FGACCRATCCTGTCACCTCTGAC[a](#tbl1fn1){ref-type="table-fn"}91 → 112WHOFlu-M-RAGGGCATTYTGGACAAAKCGTCTA[a](#tbl1fn1){ref-type="table-fn"}196 → 173WHOFlu-M-PFAM-TGCAGTCCTCGCTCACTGGGCACG-BHQ-2169 → 146WHOGAPDHGAPDH136GAPDH-FCCAGGTGGTCTCCTCTGACTTC939 → 960This studyGAPDH-RCACCCTGTTGCTGTAGCCAAA1074 → 1054This studyGAPDH-PROX-CTGGCATTGCCCTCAACGACCAC-BHQ-2998 → 1020This studyFlu B NPNP (Segment 5)121Flu B-NP-FAAGACCTRAGAGTTTTGTCTGCAYT[a](#tbl1fn1){ref-type="table-fn"}1184 → 1208This studyFlu B-NP-RATCAGAGCTGCYCCCATTC1304 → 1286This studyFlu B-NP-PCy5-TGCAAGGGTTTCCAYGTTCCAGCA-BHQ-2 [a](#tbl1fn1){ref-type="table-fn"}1246 → 1269This study[^3]

All primers/probes were grouped into four sets based on the PCR product size, fluorochrome-labels, and the pilot tests ([Table 1](#tbl1){ref-type="table"}). The four sets were designed for the detection of different subtypes: set 1 for H1 of pandemic influenza A/H1N1 2009 and for the consensus H1 of influenza A viruses; set 2 for N1 of pandemic influenza A/H1N1 2009 and for the consensus N2 of influenza A viruses; set 3 for the consensus N1 and H3 of influenza A viruses; and set 4 for conserved regions of the M gene of influenza A viruses, the NP gene for influenza B viruses and the GAPDH internal marker gene for *homo sapiens*. The four sets of primers and probes were aliquoted into four different tubes for the multiplex rRT-PCR assay.

2.2. Virus stocks
-----------------

Two known subtypes of influenza A virus strains, A/PR/8/34 (H1N1) and A/Jiangxi/242/2004 (H3N2), together with an influenza B virus B/Shanghai/361/2002 strain were provided by the Chinese National Influenza Centre (CNIC). An isolate of pandemic influenza A/H1N1 2009 \[A/Beijing/01/2009 (GenBank accession number: GQ183617--GQ183624)\] and 11 seasonal influenza A virus isolates of unknown subtypes (named A/Beijing/4046, 4053, 3012, CY-30, 3005, CY-29, 4365, 3032, 3028, 4368 and 3016/2008) were isolated from Beijing, China ([Table 2](#tbl2){ref-type="table"} ). Human coronavirus OC43 (OC43) was provided by the Peking Union Medical College Hospital. The adenovirus serotype 35 (Ad35; Holden strain) was purchased from American Type Culture Collection (ATCC, Manassas, VA). All of the known viruses were grown on continuous cell lines (influenza A virus strains on MDCK cells, influenza B virus strain and OC43 on LLC-MK2 cells, and Ad35 on Hela cells).Table 2Analysis of the specificity of the multiplex rRT-PCR assay[a](#tbl2fn1){ref-type="table-fn"}.Virus strainSubtypeTCID~50~/mLCopies/rxn[b](#tbl2fn2){ref-type="table-fn"}H1-2009H1-ConsensusH3N1-2009N1-ConsensusN2Flu A MFlu B NPA/PR/8/1934H1N11.8 × 10^4^1 × 10^8^−+−−+−+−A/Beijing/01/2009A/H1N1 20090.7 × 10^4^1 × 10^8^++−++−+−A/Jiangxi/242/2004H3N21.5 × 10^4^1 × 10^8^−−+−−++−A/Beijing/4046/2008H1N11 × 10^8^−+−−+−+−A/Beijing/4053/2008H3N21 × 10^8^−−+−−++−A/Beijing/3012/2008H3N21 × 10^8^−−+−−++−A/Beijing/CY-30/2008H3N21 × 10^8^−−+−−++−A/Beijing/3005/2008H3N21 × 10^8^−−+−−++−A/Beijing/CY-29/2008H3N21 × 10^8^−−+−−++−A/Beijing/4365/2008H3N21 × 10^8^−−+−−++−A/Beijing/3032/2008H3N21 × 10^8^−−+−−++−A/Beijing/3028/2008H3N21 × 10^8^−−+−−++−A/Beijing/4368/2008H3N21 × 10^8^−−+−−++−A/Beijing/3016/2008H3N21 × 10^8^−−+−−++−B/SH/361/2002Influenza B1.8 × 10^4^−−−−−−−+OC431.8 × 10^3^−−−−−−−−Adenovirus HoldenSerotype 351.8 × 10^4^−−−−−−−−Influenza B (\#426A)Influenza BSample−−−−−−−+Influenza C (\#828A)Influenza CSample−−−−−−−−Adenovirus (\#8313)UnknownSample−−−−−−−−hMPV (\#1152A)UnknownSample−−−−−−−−PIV (\#2722)Serotype 3Sample−−−−−−−−[^4][^5]

2.3. Clinical specimens
-----------------------

Nasopharyngeal swab specimens were obtained from Peking Union Medical College Hospital and from Beijing Children\'s Hospital between January 2007 and December 2008. Samples were preliminarily screened for influenza viruses and other respiratory viruses using PCR assays, as described elsewhere ([@bib14]). Among the 119 randomly selected samples, 105 samples tested positive for influenza A virus, two positive for influenza B virus, two positive for coronavirus OC43, two positive for adenovirus, and eight negative for all known respiratory viruses.

In addition to these samples, 32 nasopharyngeal swab specimens that were positive for pandemic influenza A/H1N1 2009 were collected by the Beijing CDC between May and July 2009. These latter samples were screened using the US CDC\'s real-time RT-PCR protocol for pandemic influenza A/H1N1 2009 as recommended by WHO (<http://www.euro.who.int/Document/INF/CDC_realtime_RTPCR_H1N1.pdf>).

2.4. Viral nucleic acid extraction
----------------------------------

To extract viral nucleic acids, 200 μL of each nasopharyngeal swab, clinical sample or viral culture were added into 2 mL of lysis buffer and incubated at room temperature for 10 min. After lysis, the samples were loaded onto the NucliSENS^®^ easyMAG™ (bioMérieux, Marcy L'Etoile, France) for total nucleic acid extraction according to the manufacturer\'s protocol. The viral nucleic acids were stored at −80 °C prior to detection.

2.5. Multiplex rRT-PCR amplification {#sec2}
------------------------------------

One-step reverse transcription-PCR (RT-PCR) was performed and optimised using SuperScript™ III One-Step RT-PCR System with Platinum^®^ *Taq* DNA Polymerase (Invitrogen, Carlsbad, CA) according to the manufacturer\'s instructions. Briefly, 2 μL of nucleic acid solution was added to 23 μL of master mix containing the following components at the indicated final concentrations: 1× reaction buffer, 1 μL of SuperScript™ III RT/Platinum^®^ Taq Mix, 500 nM of each primer, and 300 nM of the probe labelled at the 5′ end with a reporter dye and at the 3′ end with a non-fluorescent quencher based on the four sets of multiplex rRT-PCR assays ([Table 1](#tbl1){ref-type="table"}). Thermocycling was carried out as follows: 30 min at 50 °C and 3 min at 95 °C for reverse transcription (RT) and denaturation; five pre-cycles at 95 °C for 15 s, at 50 °C for 30 s, and at 72 °C for 1 min; followed by 40 cycles at 95 °C for 10 s, and at 55 °C for 40 s. The multiplex rRT-PCR assay was performed on a CFX 96 (Bio-Rad Laboratories Inc., Hercules, CA). The baseline fluorescence threshold for each analysis was manually adjusted based on the background fluorescence of the 'no template' control reaction using the Baseline Subtracted Curve Fit analysis mode in Bio-Rad CFX Manager Software. For each analysis, a sample amplification curve exceeding baseline fluorescence with a corresponding C~T~ (Cycle threshold) value (not exceeding 36 in a 40-cycle run) was considered as positive. In addition, a C~T~ value between 36 and 40 was considered as weakly positive. An amplification curve lower than the baseline fluorescence was defined as negative.

2.6. Sensitivity, reproducibility, and specificity of the multiplex rRT-PCR assay
---------------------------------------------------------------------------------

The titres of the three known influenza A virus strains (seasonal H1N1, H3N2 and pandemic A/H1N1 2009), influenza B virus, OC43 and Ad35 were measured by 50% tissue culture infective dose (TCID~50~) and calculated by the Reed--Muench method ([@bib5]). Copies of RNA extracts of the three known and 11 unknown subtypes of influenza A virus strains were quantified by SYBR green rRT-PCR. Quantification was done using a standard curve made by serial dilutions of pGEM-NP, a plasmid containing a partial NP gene of influenza A virus (data not shown). The limits of detection (LODs) were determined using 10-fold serial dilutions (10^8^--1 copies/reaction or 1.8 × 10^4^ to 1.8 × 10^−6^ TCID~50~/mL) of the quantified viral RNA extracts and of the plasmids cloned with genes of influenza A viruses including H1-2009, N1-2009, H1, N1, H3, N2, and M. In addition, another five clinical respiratory specimens positive for influenza B virus (\#426A), influenza C virus (\#828A), adenovirus (\#8313), human metapneumovirus (hMPV; \#1152A) and parainfluenza virus type 3 (PIV3; \#2722) were recruited for the cross-reaction assay. Viral RNA extracts were tested at high concentrations (10^8^ copies/reaction above the LOD) ([Table 2](#tbl2){ref-type="table"}) to determine the analytical specificity of the rRT-PCR assay. Other respiratory viral nucleic acid extracts including influenza B virus, coronavirus OC43 and adenovirus were tested at high TCID~50~s ([Table 2](#tbl2){ref-type="table"}). The analytical reproducibility assay was calculated at a degree of dilution of 10^5^ copies/reaction (3.6 × 10^−2^ TCID~50~/reaction for influenza B virus). All of the analytical assays were run at least three times and each run was performed on different days. Inter-assay and intra-assay variability (coefficient of variation, CV), both measures of the reproducibility of the rRT-PCR assays, was determined by the following formula:$$\text{CV}(\%) = \frac{\text{SD}\text{ \,\,}\text{C}_{\text{T}}\text{s}}{\text{Mean}\text{ \,\,}\text{C}_{\text{T}}\text{s}} \times 100\%$$SD C~T~s: standard deviation of C~T~ values; Mean C~T~s: mean C~T~ values.

2.7. Conventional RT-PCR for subtyping of seasonal influenza viruses
--------------------------------------------------------------------

The primer sequences of conventional RT-PCR for subtyping of seasonal influenza A viruses were provided by the CNIC. The sequences and nucleotide positions of the primers were H1-F768: 5′-ACTACTGGACTCTGCTGGAAC-3′ (768-788nt), H1-R1094: 5′-CAATGAAACCGGCAATGGCTCC-3′ (1094-1073nt) for the H1 subtype; N1-F1059: 5′-AAGGGGTTTTCATACAGGGTATGGT-3′ (1059-1083nt), N1-R1165: 5′-TCTGTCCATCCATTAGGATCC-3′ (1165-1185nt) for the N1 subtype; H3-F671: 5′-ATCAGGGAGAGTCACAGTCTC-3′ (671-691nt), H3-R940: 5′-ATGCTTCCATTTGGAGTGATGC-3′ (940-919nt) for the H3 subtype and N2-F779: 5′-GGAAATCGTTCATATTAGCCCATTG-3′ (779-803nt), N2-R955: 5′-AGCACACATAACTGGAAACAATGC-3′ (955-932nt) for the N2 subtype. Conventional RT-PCR assays were performed and optimised using the SuperScript™ III One-Step RT-PCR System with Platinum^®^ *Taq* DNA Polymerase (Invitrogen) according to the manufacturer\'s instructions. Briefly, 5 μL of each nucleic acid sample were added to a 20 μL master mix containing the following components at the indicated final concentrations: 1× reaction buffer, 1 μL of SuperScript™ III RT/Platinum^®^ Taq Mix and 500 nM of each primer. Thermocycling was carried out as follows: 1 min at 60 °C, 10 min at 42 °C, 30 min at 50 °C and 15 min at 95 °C for reverse transcription (RT) and denaturation; 35 cycles at 94 °C for 30 s, at 52 °C for 30 s, and at 72 °C for 1 min, followed by 10 min at 72 °C. Amplified products were analysed using electrophoresis on a 1% agarose gel stained with ethidium bromide.

2.8. Nucleotide sequencing
--------------------------

Purified PCR amplicons were cloned into the pGEM-T Easy vector (Promega, Madison, WI) and sequenced using an ABI3730 DNA Analyzer (Applied Biosystems, Norwalk, CT).

2.9. Statistical analysis
-------------------------

Statistical significance for the multiplex rRT-PCR assay and other standard detection methods such as for conventional subtyping PCR and the US CDC\'s real-time PCR was determined via McNemar\'s chi-square test for matched pairs. A *P*-value ≤0.05 was considered significant.

3. Results
==========

3.1. *In silico* coverage of the primer/probe sets
--------------------------------------------------

To evaluate the coverage of all the primers/probes designed for the new multiplex rRT-PCR, an *in silico* analysis using an in-house program was performed (see Section [2.1](#sec1){ref-type="sec"}). The results showed that the coverage of these primers/probes -- including sequences acquired from the literature ([@bib16]) and from the WHO -- was 90.1--100% ([Table 3](#tbl3){ref-type="table"} ).Table 3*In silico* coverage of the primers and probes in the multiplex rRT-PCR assay.SetPrimerCoverage years[a](#tbl3fn1){ref-type="table-fn"}Total sequences[b](#tbl3fn2){ref-type="table-fn"}HitsCoverage (%)Set 1H1-Consensus-F1918--200914021390[c](#tbl3fn3){ref-type="table-fn"}99.1H1-Consensus-R1918--200914021311[c](#tbl3fn3){ref-type="table-fn"}93.5H1-Consensus-P1918--200914021402[d](#tbl3fn4){ref-type="table-fn"}100H1-2009-F200927026999.6H1-2009-R2009270270100H1-2009-P200927026999.6  Set 2N1-2009-F2009188188100N1-2009-R2009188188100N1-2009-P2009188188[c](#tbl3fn3){ref-type="table-fn"}100N2-F1957--20092274210492.5N2-R1957--20092274222697.9N2-P1957--20092274223098.1  Set 3H3-F1968--20091389132295.2H3-R1968--20091389125190.1H3-P1968--20091389138299.5N1-F1918--20091495147098.3N1-R1918--20091495144596.7N1-P1918--20091495145797.5  Set 4Flu-M-F1918--200913261314[c](#tbl3fn3){ref-type="table-fn"}99.1Flu-M-R1918--200913261300[c](#tbl3fn3){ref-type="table-fn"}98.0Flu-M-P1918--20091326132499.8Flu B-NP-F1940--2008234234100Flu B-NP-R1940--200823423299.1Flu B-NP-P1940--200823423399.6[^6][^7][^8][^9]

3.2. Specificity of singleplex rRT-PCR
--------------------------------------

To assess the specificity of the multiplex rRT-PCR, the sequences of primers/probes were analysed by Blast analysis. No cross-reactivity with other respiratory viruses was found (data not shown). Subsequently, the cross-reactivity of the singleplex primers/probe was examined using a panel of virus strains and clinical specimens ([Table 2](#tbl2){ref-type="table"}). No obvious cross-reactivity was observed within influenza A virus type and its subtypes nor with influenza B virus type or any other respiratory viruses. In addition, one (A/Beijing/4046/2008) of the 11 influenza A virus isolates with unknown subtypes was identified as the H1N1 subtype, and the other 10 strains as the H3N2 subtype ([Table 2](#tbl2){ref-type="table"}). These results were confirmed by subsequent sequencing of the PCR products. All of the specific reactions had high positive fluorescence signals. The mean C~T~s were in the range of 15.3--22.7, the standard deviations (SDs) of the C~T~ values ranged between 0.0--0.4, and the coefficients of variation (CVs) were all less than 5%. These data demonstrate the high specificity of the primers/probes designed for this novel multiplex rRT-PCR assay.

3.3. Sensitivity of multiplex rRT-PCR assay
-------------------------------------------

The limits of detection (LODs) for each influenza virus in the multiplex reaction ranged from 10 to 10^4^ copies/reaction ([Table 4](#tbl4){ref-type="table"} ). The LOD for pandemic influenza A/H1N1 2009 detected by H1-consensus primers/probe in Set 1 was 10^7^ copies/reaction (6.67 × 10^2^ TCID~50~/mL). However, as the LODs of the H1-2009 in Set 1 and the N1-2009 in Set 2 were 10^4^ and 10^2^ copies/reaction, respectively, the detection sensitivity of pandemic influenza A/H1N1 2009 was not affected. The CVs of the C~T~ values of the LODs were all less than 4% based on statistical analysis, suggesting that these results were reproducible.Table 4Analysis of the limits of detection (LODs) of the multiplex rRT-PCR assay[a](#tbl4fn1){ref-type="table-fn"}.TCID~50~/mLTCID~50~/rxn[b](#tbl4fn2){ref-type="table-fn"}Copies/rxnTCID~50~/mLTCID~50~/rxnCopies /rxnTCID~50~/mLTCID~50~/rxnCopies /rxnTCID~50~/mLTCID~50~/rxnCopies/rxnVirus strainSubtypeSet 1 (H1-2009/H1-Consensus)Set 2 (N1-2009/N2)Set 3 (N1-Consensus/H3)Set 4 (Flu A M/GAPDH/Flu B NP)A/PR8H1N1N[c](#tbl4fn3){ref-type="table-fn"}/1.8N/3.6 × 10^−3^N/10^4^N/NN/NN/N/N1.8 × 10^−1^/N3.6 × 10^−4^/N10^3^/N1.8 × 10^−3^/1.8/N3.6 × 10^−6^/3.6 × 10^−3^/N10/10^4^/NA/Beijing/01/2009A/H1N1 20096.7 × 10^−1^/6671.3 × 10^−3^/1.33410^4^/10^7^6.7 × 10^−3^/N1.3 × 10^−5^/N10^2^/N6.7 × 10^−2^/N1.3 × 10^−4^/N10^3^/N6.7 × 10^−2^/6.7 × 10^−1^/N1.3 × 10^−4^/1.3 × 10^−3^/N10^3^/10^4^/NA/Jiangxi/242/2004H3N2N/NN/NN/NN/1.5 × 10^−1^N/3 × 10^−4^N/10^3^N/1.5 × 10^−3^N/3 × 10^−6^N/101.5 × 10^−3^/1.5 × 10^−3^/N3 × 10^−6^/3 × 10^−6^/N10/10/NB/SH/361/2002N/NN/N/[d](#tbl4fn4){ref-type="table-fn"}N/NN/N/N/NN/N/N/N/1.8 × 10^−6^N/N/3.6 × 10^−9^/pGEM T-H1-2009//1/N//N/N//N/N//N/N/NpGEM T-N1-2009//N/N//1/N//N/N//N/N/NpGEM T-H1//N/1//N/N//N/N//N/N/NpGEM T-N1//N/N//N/N//1/N//N/N/NpGEM T-H3//N/N//N/N//N/10//N/N/NpGEM T-N2//N/N//N/1//N/N//N/N/NpGEM T-Flu-A-M//N/N//N/N//N/N//1/N/N[^10][^11][^12][^13]

3.4. Reproducibility of multiplex rRT-PCR assay
-----------------------------------------------

To assess the reproducibility of the multiplex rRT-PCR assay, mean C~T~ values and SD C~T~s were calculated at 10^5^ copies/reaction for influenza A viruses and at 3.6 × 10^−2^ TCID~50~/reaction for influenza B viruses. The results showed that the CVs were 0.08--0.97% for intra-assays and 0.04--0.45% for inter-assays, suggesting that the multiplex rRT-PCR assay is highly reproducible ([Table 5](#tbl5){ref-type="table"} ).Table 5Reproducibility of the multiplex rRT-PCR assay[a](#tbl5fn1){ref-type="table-fn"}.VirusSubtypeTCID~50~/rxnCopies/rxn[b](#tbl5fn2){ref-type="table-fn"}Set 1Set 2Set 3Set 4Mean C~T~SD C~T~CV (%)Mean C~T~SD C~T~CV (%)Mean C~T~SD C~T~CV (%)Mean C~T~SD C~T~CV (%)Intra-assaysA/PR8H1N110^5^26.680.160.62NNN27.090.020.0823.800.140.57A/Beijing/01/2009A/H1N1 200910^5^25.720.140.5427.220.150.5429.130.130.4326.060.080.31A/Jiangxi/242/2004H3N210^5^N[c](#tbl5fn3){ref-type="table-fn"}NN30.010.290.9726.300.130.4926.880.140.52B/SH/361/20023.6 × 10^−2^NNNNNNNNN27.280.080.31  Inter-assaysA/PR8H1N110^5^26.620.120.44NNN27.050.050.1723.720.110.45A/Beijing/01/2009A/H1N1 200910^5^25.770.040.1627.240.020.0929.060.110.3726.130.180.67A/Jiangxi/242/2004H3N210^5^NNN29.930.110.3626.270.050.1826.920.050.20B/SH/361/20023.6 × 10^−2^NNNNNNNNN27.290.010.04[^14][^15][^16]

3.5. Validation of multiplex rRT-PCR assay
------------------------------------------

To validate the performance of the new multiplex rRT-PCR assay, parallel detections were performed using conventional subtyping PCR protocols recommended by the CNIC and the US CDC\'s protocol for pandemic influenza A/H1N1 2009 with a panel of 151 clinical samples. The results of these detections and those for influenza A virus subtyping are summarised in [Table 6](#tbl6){ref-type="table"} .Table 6Performance of the multiplex rRT-PCR compared to other molecular tests for influenza subtyping and for the detection of pandemic influenza A/H1N1 2009.Multiplex rRT-PCRConventional subtyping PCRUS CDC\'s rRT-PCRInfluenza AA/H1N1 2009H1N1[a](#tbl6fn1){ref-type="table-fn"}H3N2Influenza BA/H1N1 2009+−Total+−Total+−Total+−Total+−Total+−Total+11918137031315213656847202231031−014140120120086860797901491491119120Total11932151015115152991516883151015115132119151*χ2*16.0629.0311.082.250.500.00*P*[b](#tbl6fn2){ref-type="table-fn"}6.15 × 10^−5^7.12 × 10^−8^8.74 × 10^−4^0.130.481.00[^17][^18]

The multiplex rRT-PCR assay subtyped the 105 seasonal influenza A viruses into 34 H1N1 and 71 H3N2. Furthermore, the multiplex rRT-PCR assay identified four new H1N1 and four new H3N2 strains, which had not been identified by conventional PCR previously. These new strains were confirmed through sequencing of the PCR products. Statistical analysis ([Table 6](#tbl6){ref-type="table"}) suggested that there were significant differences between the new multiplex rRT-PCR and the conventional subtyping PCR in the detection of seasonal influenza A virus (*P*  = 6.15 × 10^−5^) and in H1N1 subtyping (*P*  = 8.74 × 10^−4^). However, there was no significant difference between the two methods in H3N2 subtyping (*P*  = 0.13). Based on these observations, the new multiplex rRT-PCR assay is more sensitive in subtyping influenza A viruses than the conventional PCR techniques.

The newly developed multiplex rRT-PCR showed high consistency (96.88%) in detecting pandemic influenza A/H1N1 2009. This is consistent with US CDC\'s rRT-PCR protocol, as no significant differences were found between the two assays (*P*  = 1.00) ([Table 6](#tbl6){ref-type="table"}). Interestingly, sample \#LS1125-4, which was identified as "pandemic influenza A/H1N1 2009 positive" by the US CDC\'s rRT-PCR, was subtyped as H3N2 with the multiplex rRT-PCR assay. The identification of H3N2 was later confirmed by sequencing the PCR product.

4. Discussion
=============

In this report, a new and rapid four-tube multiplex rRT-PCR system for influenza virus diagnosis was developed. This system can simultaneously detect pandemic influenza A/H1N1 2009 virus, distinguish seasonal influenza A and B viruses, and subtype influenza A viruses into three HA and three NA subtypes (pandemic influenza A/H1N1 2009, seasonal H1N1, and H3N2) ([Fig. 1](#fig1){ref-type="fig"} ). The assay improves on current standard assays and may aid in minimizing the transmission of pandemic influenza A/H1N1 2009 by identifying and distinguishing new cases of pandemic influenza A/H1N1 2009 from seasonal influenza.Fig. 1Representative amplification curve showing typical patterns obtained from the multiplex rRT-PCR assay. (A) Pandemic influenza A/H1N1 2009 virus detected by H1-2009 (HEX channel, green curve) and H1-Consensus (FAM channel, blue curve) in Set 1, N1-2009 (Cy5 channel, violet curve) in Set 2, N1-Consensus (HEX channel, green curve) in Set 3, and Flu A M (FAM channel, blue curve) in Set 4. (B) Seasonal H1N1 virus detected by H1-Consensus (FAM channel, blue curve) in Set 1, N1-Consensus (HEX channel, green curve) in Set 3, and Flu A M (FAM channel, blue curve) in Set 4. (C) Seasonal H3N2 virus detected by N2 (HEX channel, green curve) in Set 2, and H3 (FAM channel, blue curve) in Set 3, and Flu A M (FAM channel, blue curve) in Set 4. (D) Influenza B virus detected by Flu B NP (Cy5 channel, violet curve) in Set 4. All the nucleic acid extractions of human clinical specimens and mammalian cell lines were detected by GAPDH (ROX channel, brown curve) in Set 4 (see A, B, C and D).(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

The newly developed multiplex rRT-PCR system has several advantages over other assays for detection of influenza viruses. First, it is more sensitive than conventional PCR assays in subtyping influenza A viruses (*P*  = 6.15 × 10^−5^ compared with seasonal influenza A virus detection; and *P*  = 8.74 × 10^−4^ for H1N1 subtyping). The analysis of the LOD for pandemic influenza A/H1N1 2009 virus indicates that the strategy of multiple-targeting detection ensures the sensitivity of the assay system and effectively lowers the false-negative rate. Second, owing to the de-novo design of primers/probes for two target genes (H1-2009 and N1-2009 of the pandemic influenza A/H1N1 2009 virus, and H3 and N2 of the H3N2 subtype, etc.), the multiplex rRT-PCR assay is specific for the detection of the pandemic influenza A/H1N1 2009 virus ([Fig. 1](#fig1){ref-type="fig"}A) and that of the H3N2 subtype ([Fig. 1](#fig1){ref-type="fig"}C and [Fig. 2](#fig2){ref-type="fig"}A). As shown here, one sample identified as pandemic influenza A/H1N1 2009 by the US CDC\'s rRT-PCR assay was confirmed to be the H3N2 subtype by the new assay. Based on sequence alignment, the H1-2009 primers/probes had very low homologies with that for H3N2 ([Fig. 2](#fig2){ref-type="fig"}B). However, there were high homologies between the SW H1 primers/probes of the US CDC\'s rRT-PCR and some H3N2 strains (such as A/Hong Kong/1-9-MA21-3/1968, a strain that is highly homologous to the sequencing product of this test). In particular, the SW H1 reverse primer has eight continuous matches with HA sequences found at the 3′ end in H3N2, an important terminal site for primer specificity ([@bib10], [@bib13]) ([Fig. 2](#fig2){ref-type="fig"}C). Third, in the new multiplex rRT-PCR system, the consensus primers/probes cover the majority of HA and NA sequences of each human influenza A subtype (H1, H3, N1 and N2) found in the Influenza Virus Resource database (<http://www.ncbi.nlm.nih.gov/genomes/FLU/>) ([Table 3](#tbl3){ref-type="table"}). This allows the new assay to identify a wide range of influenza subtypes, as seen in [Table 6](#tbl6){ref-type="table"}, [Table 2](#tbl2){ref-type="table"}, which present data for subtyping 105 randomly selected influenza A virus positive samples collected between January 2007 and December 2008, and 11 influenza A virus isolates of unknown subtypes. Fourth, the new multiplex rRT-PCR assay is highly flexible, as primers/probes can be easily adapted for the detection of some other or newly occurring subtypes of influenza viruses. This adaptation would make the multiplex rRT-PCR a useful platform for the simultaneous detection and surveillance of multiple influenza viruses and/or possibly other pathogens.Fig. 2Sequence alignment of the primers/probes with A/Hong Kong/1-9-MA21-3/1968, a H3N2 strain highly homologous to the sequencing product of sample \#LS1125-4. (A) H3 primers/probe designed in this study. (B) H1-2009 primers/probe designed in this study. (C) SW H1 primers/probe of the US CDC\'s real-time PCR.

In summary, a rapid multiplex rRT-PCR assay with high analytical sensitivity, specificity, and reproducibility has been developed. The assay will be useful for the surveillance, control, and prevention of pandemic influenza A/H1N1 2009 and seasonal influenzas.
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[^3]: D = 33.3% mixture of A, T and G; H = 33.3% mixture of A, T and C; M = 50% mixture of A and C; N = 25% mixture of A, C, T and G; R = 50% mixture of A and G; S = 50% mixture of C and G; W = 50% mixture of A and T; Y = 50% mixture of C and T.

[^4]: The mean C~T~s were all at 15.3--22.7, Std. Dev. C~T~s were all at 0.0--0.4, and CVs were all less than 5%.

[^5]: rxn refers to "reaction".

[^6]: The host parameter from the Influenza Virus Resource database was "Human".

[^7]: The parameters selected from the Influenza Virus Resource database were "Coding region", "Full-length sequences only", "Remove identical sequences" and "Include Lab strains".

[^8]: "Hits" were calculated using an in-house program (S base matching C or G base, Y base matching C or T base and R base matching A or G base) considering degenerate bases.

[^9]: "Hits" were determined by the accurate match between the sequence data consensus and its probe.

[^10]: The amplification curves of LODs are all exceeding the baseline fluorescence (Section [2.5](#sec2){ref-type="sec"}) in a 40-cycle run, and the CVs of the C~T~ values of LODs are all less than 4% for intra-assays and inter-assays (data not shown).

[^11]: rxn refers to "reaction".

[^12]: N refers to "nondetectable".

[^13]: No item.

[^14]: The amplification curves of all the reactions exceeded the baseline fluorescence (Section [2.5](#sec2){ref-type="sec"}) in a 40-cycle run.

[^15]: rxn refers to "reaction".

[^16]: N refers to "nondetectable".

[^17]: Including pandemic influenza A/H1N1 2009 strains because the H1 and N1 consensus primers/probes of this current multiplex rRT-PCR and the H1 and N1 primers of the conventional subtyping PCR method detected pandemic influenza A/H1N1 2009 as H1N1.

[^18]: Statistical significance was determined via McNemar\'s chi-square test for matched pairs. A *P*-value of ≤0.05 was considered significant.
